
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

Nov. 1999, p. 7539–7548 Vol. 19, No. 11

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

JSAP1, a Novel Jun N-Terminal Protein Kinase (JNK)-Binding
Protein That Functions as a Scaffold Factor in the JNK

Signaling Pathway
MICHIHIKO ITO,1 KATSUJI YOSHIOKA,2* MIZUHO AKECHI,1 SHINYA YAMASHITA,3

NOBUHIKO TAKAMATSU,1 KENJI SUGIYAMA,4 MASAHIKO HIBI,5 YUSAKU NAKABEPPU,6

TADAYOSHI SHIBA,1 AND KEN-ICHI YAMAMOTO2

Department of Biosciences, School of Science, Kitasato University, Kanagawa 228,1 Department of Molecular
Pathology, Cancer Research Institute, Kanazawa University, Kanazawa 920,2 Central Research Laboratory, Nippon

Suisan Kaisha Ltd., Tokyo 192,3 Nippon Boehringer Ingelheim Co., Ltd., Kawanishi Pharma Research Institute,
Department of Molecular and Cellular Biology, Hyogo 666,4 Department of Molecular Oncology, Biomedical Research

Center, Osaka University Medical School, Osaka 565,5 and Department of Biochemistry, Medical Institute of
Bioregulation, Kyushu University, and CREST, Japan Science and Technology, Fukuoka 812,6 Japan

Received 17 June 1999/Returned for modification 28 July 1999/Accepted 12 August 1999

The major components of the mitogen-activated protein kinase (MAPK) cascades are MAPK, MAPK kinase
(MAPKK), and MAPKK kinase (MAPKKK). Recent rapid progress in identifying members of MAPK cascades
suggests that a number of such signaling pathways exist in cells. To date, however, how the specificity and
efficiency of the MAPK cascades is maintained is poorly understood. Here, we have identified a novel mouse
protein, termed Jun N-terminal protein kinase (JNK)/stress-activated protein kinase-associated protein 1
(JSAP1), by a yeast two-hybrid screen, using JNK3 MAPK as the bait. Of the mammalian MAPKs tested
(JNK1, JNK2, JNK3, ERK2, and p38a), JSAP1 preferentially coprecipitated with the JNKs in cotransfected
COS-7 cells. JNK3 showed a higher binding affinity for JSAP1, compared with JNK1 and JNK2. In similar
cotransfection studies, JSAP1 also interacted with SEK1 MAPKK and MEKK1 MAPKKK, which are involved
in the JNK cascades. The regions of JSAP1 that bound JNK, SEK1, and MEKK1 were distinct from one
another. JNK and MEKK1 also bound JSAP1 in vitro, suggesting that these interactions are direct. In
contrast, only the activated form of SEK1 associated with JSAP1 in cotransfected COS-7 cells. The unstimu-
lated SEK1 bound to MEKK1; thus, SEK1 might indirectly associate with JSAP1 through MEKK1. Although
JSAP1 coprecipitated with MEK1 MAPKK and Raf-1 MAPKKK, and not MKK6 or MKK7 MAPKK, in
cotransfected COS-7 cells, MEK1 and Raf-1 do not interfere with the binding of SEK1 and MEKK1 to JSAP1,
respectively. Overexpression of full-length JSAP1 in COS-7 cells led to a considerable enhancement of JNK3
activation, and modest enhancement of JNK1 and JNK2 activation, by the MEKK1-SEK1 pathway. Deletion
of the JNK- or MEKK1-binding regions resulted in a significant reduction in the enhancement of the JNK3
activation in COS-7 cells. These results suggest that JSAP1 functions as a scaffold protein in the JNK3 cascade.
We also discuss a scaffolding role for JSAP1 in the JNK1 and JNK2 cascades.

The mitogen-activated protein kinase (MAPK) cascades, in
which the major components are MAPK, MAPK kinase
(MAPKK), and MAPKK kinase (MAPKKK), are conserved
eukaryotic signaling pathways (2, 7, 14, 46). The general func-
tion of the MAPK cascades is to link a variety of extracellular
stimuli to nuclear responses, i.e., the modulation of gene ex-
pression (45). MAPK is activated by dual phosphorylation on
threonine and tyrosine residues catalyzed by MAPKK, and
MAPKK is activated by serine/threonine phosphorylation cat-
alyzed by MAPKKK. In mammals, at least three MAPK cas-
cades have been identified. The MAPKs in each pathway are
ERK (extracellular signal-regulated kinase), JNK/SAPK (c-
Jun N-terminal kinase/stress-activated protein kinase), and
p38. The ERK cascade is mostly responsive to mitogenic and
differentiation stimuli, whereas the JNK and p38 cascades are
strongly activated by proinflammatory cytokines, such as inter-
leukin 1 (IL-1) and tumor necrosis factor alpha (TNF-a), and

extracellular stresses, such as UV irradiation and osmotic
shock (4, 23, 29, 36).

In the ERK cascade, Raf (Raf-1, A-Raf, and B-Raf), MEK
(MEK1 and MEK2), and ERK (ERK1 and ERK2) correspond
to MAPKKK, MAPKK, and MAPK, respectively (36). The p38
cascade contains p38a/CSBP/RK/Mxi2 (12, 25, 37, 56) and
p38b (18) as MAPKs and MKK3 (9) and MKK6 (6, 13, 32, 35,
42) as MAPKKs, while in the JNK cascade the MAPKs are
JNK1, JNK2, and JNK3 (also known as SAPKg, SAPKa, and
SAPKb, respectively) (8, 11, 19, 22, 31), and the MAPKKs are
SEK1/MKK4/JNKK1 (9, 26, 38) and MKK7/JNKK2 (33, 44,
48). The specificity of the MAPKKKs involved in the JNK and
p38 cascades is less clear. For instance, the TAK1 (52), ASK1
(16), and MLK3 (43) MAPKKKs can activate both the JNK
and p38 cascades, while the MEKK1 (28, 50, 53) and MEKK4
(10) MAPKKKs selectively activate the JNK cascade.

The identification of numerous components of the MAPK
cascades as described above suggests that there are a number
of these distinct signaling pathways in cells. Furthermore, stud-
ies of JNK3-deficient mice (54) indicate the existence of a
JNK3-specific cascade that cannot be complemented by the
other JNK family members, even though JNK1, JNK2, and
JNK3 exhibit over 80% identity, and these JNKs seem to be
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similarly regulated by the upstream kinases, at least in tran-
siently transfected cells. The tissue distributions of the JNKs
are quite different: JNK3 is specifically expressed in the brain,
while JNK1 and JNK2 are widely expressed. How the specific-
ity and efficiency of the MAPK cascades is maintained is
largely unknown.

In this paper, we report the molecular cloning and charac-
terization of a novel JNK-binding protein, termed JSAP1
(JNK/SAPK-associated protein 1). Through cotransfection
studies of COS-7 cells, we observed preferential interactions
between JSAP1 and the JNKs (JNK1, JNK2, and JNK3),
SEK1, and MEKK1. The regions of JSAP1 that bind JNK,
SEK1, and MEKK1 were distinct from one another. JNK3
exhibited higher binding affinity to JSAP1 compared with
JNK1 and JNK2. JNK and MEKK1 also bound JSAP1 in vitro,
suggesting that these interactions are direct. In contrast, only
the activated form of SEK1 interacted with JSAP1 in cotrans-
fected cells. The unstimulated SEK1 bound to MEKK1; thus,
SEK1 might associate with JSAP1 through MEKK1. Overex-
pressing full-length JSAP1 in COS-7 cells considerably en-
hanced the JNK3 activation, and modestly enhanced the JNK1
and JNK2 activation, through the MEKK1-SEK1 pathway.
JSAP1 mutants lacking the JNK- or MEKK1-binding regions
significantly reduced of the enhancement of the JNK3 activa-
tion. These results suggest that JSAP1 functions as a scaffold
protein in the JNK3 cascade. A scaffolding role of JSAP1 in the
JNK1 and JNK2 cascades is also discussed.

MATERIALS AND METHODS

Isolation of cDNAs. A mouse brain cDNA library (Stratagene) was screened
by using a partial JSAP1 cDNA fragment, obtained from a yeast two-hybrid
screen, as a probe. A full-length cDNA was isolated, and the open reading frame
(ORF) of JSAP1 was sequenced. cDNAs containing the ORFs of JNK1, -2, and
-3 were isolated from the same cDNA library. The probes used to screen the
library were generated by PCR, with mouse brain cDNA as the template and
using the following primers, whose design was based on the rat JNK1, -2, and -3
cDNA sequences (22), respectively: JNK1-S (59-GCAGATTCTACATTCACA
GTCCTA-39; 59 end at nucleotide 46), JNK1-A (59-CATTTCTCCCATAATGC
ACCCCAC-39; 59 end at 654), JNK2-S (59-GTGGCAGACTCAACTTTCACT
GTT-39; 59 end at 43), JNK2-A (59-GTAGCCCATGCCCAGGATGACTTC-39;
59 end at 606), JNK3-S (59-ACAGTTCTAAAGCGCTACCAGAAC-39; 59 end
at 61), and JNK3-A (59-GTGACGAACCTATTCTCCCATGAT-39; 59 end at
663). Nucleotide numbering starts with 11, which represents the first nucleotide
in the initiation codon ATG of the corresponding rat JNK gene.

The partial nucleotide sequence of mouse MEKK1 cDNA has been reported
elsewhere (24). MEKK1 residues 656 to 1488 were amplified from mouse spleen
cDNA by PCR using the primers 59-TACACTCCTTGCCACAGTCTGGCA-39
and 59-ACTACCACGTGGTACGGAAGACCG-39.

Mouse MEKK1 cDNA encoding the N-terminal region was isolated from a
mouse spleen cDNA library (Stratagene). The probe used to screen the library
was generated by two-step PCR using the following primers, whose design was
based on the rat MEKK1 cDNA sequence (50): MEKK1-S1 (59-ACCTGTATG
CCTGCCTGGAAGCAC-39; 59 end at 544), MEKK1-S2 (59-TGGTGGTGAA
ACCAATCCCTATTA-39; 59 end at 602), MEKK1-A1 (59-TTGAGCTACGCC
TACTGTGGTATT-39; 59 end at 1165), and MEKK1-A2 (59-TTCCGAGATG
GAGCTTTGATTCTT-39; 59 end at 1187. Numbering of the nucleotides is as
described above.

The first PCR was performed with MEKK1-S1 and -A2 primers with mouse
spleen cDNA. An aliquot (1 ml) of the first PCR product was used in the second
PCR with the nested MEKK1-S2 and -A1 primers. The full-length human Raf-1
cDNA was obtained from Health Science Research Resources Bank, Osaka,
Japan. The ORFs of ERK2, MKK6, p38a, MKK7, MEK1, and SEK1 were
amplified by PCR from human lymphocyte (for ERK2 and MKK6), mouse
thymus (for p38a, MKK7, and MEK1), or mouse brain (for SEK1) cDNA. The
products were inserted into the EcoRV site of pBluescript II KS(1) (Strat-
agene), and the nucleotide sequences were confirmed by DNA sequencing.

Plasmid construction. The ORFs of JNK1, JNK2, JNK3, and ERK2 were
amplified by PCR. The products (each of which contains a NcoI site at the 59 end
and a BamHI site at the 39 end of the sense strand) were first digested with NcoI,
filled in, ligated with a phosphorylated NotI linker (59-pGCGGCCGC-39), and
then digested with NotI and BamHI. The NotI-BamHI fragments were subcloned
into NotI/BamHI-digested pFlag-CMV2 (Kodak) to generate pFlag-CMV2-
JNK1, -JNK2, -JNK3, and -ERK2. The ORF of p38a was amplified by PCR. The
product (containing a NotI site at the 59 end and a BamHI site at the 39 end of

the sense strand) was inserted into the EcoRV site of pBluescript II KS(1). The
NotI-BamHI fragment of the plasmid was subcloned into NotI/BamHI-digested
pFlag-CMV2 to generate pFlag-CMV2-p38a.

A double-stranded Flag linker consisting of annealed and phosphorylated
oligonucleotides 59-pAGCTACCATGGACTACAAAGACGATGACGACA-39
and 59-pAGCTTGTCGTCATCGTCTTTGTAGTCCATGGT-39 was inserted at
the HindIII site of pcDNA3 (Invitrogen) to generate pcDNA3-Flag. The ORFs
of SEK1, MEK1, MKK6, and MKK7 were amplified by PCR. The products (each
of which contains a HindIII site at the 59 end and an XbaI site at the 39 end of
the sense strand) were inserted into the EcoRV site of pBluescript II KS(1). The
HindIII-XbaI fragments of the plasmids were subcloned into HindIII/XbaI-
digested pcDNA3-Flag to generate pcDNA3-Flag-SEK1, -MEK1, -MKK6, and
-MKK7. The N-terminal region (residues 1 to 327) of Raf-1 was amplified by
PCR. The product (containing an EcoRI site at the 59 end and a stop codon at
the 39 end of the sense strand) was digested with EcoRI and subcloned into
EcoRI/EcoRV-digested pcDNA3-Flag to generate pcDNA3-Raf-N. Similarly,
the C-terminal region (residues 316 to 648) of Raf-1 was amplified by PCR. The
product (containing a stop codon followed by an XhoI site at the 39 end of the
sense strand) was digested with XhoI and subcloned into EcoRV/XhoI-digested
pcDNA3-Flag to generate pcDNA3-Flag-Raf-C. pcDNA3-Flag-DRaf is identical
to pcDNA3-Flag-Raf-C. The region encoding residues 1169 to 1488 of MEKK1
was amplified by PCR. The product (containing a HindIII site at the 59 end and
a BamHI site at the 39 end of the sense strand) was digested with HindIII and
BamHI and subcloned into HindIII/BamHI-digested pcDNA3-Flag to generate
pcDNA3-Flag-DMEKK. The BamHI-NcoI fragment (containing a 15-bp 59
flanking sequence and 1,653-bp coding sequence [residues 1 to 551]) was excised
from MEKK1 N-terminal cDNA. The region encoding residues 551 to 640 of
MEKK1 was amplified by PCR. The product (containing an NcoI site at the 59
end and a stop codon followed by an EcoRI site at the 39 end of the sense strand)
was digested with NcoI and EcoRI. The BamHI-NcoI and NcoI-EcoRI fragments
were subcloned together into BamHI/EcoRI-digested pcDNA3-Flag to generate
pcDNA3-Flag-MEKK-N. The NcoI-EcoRV fragment (containing an 2,814-bp
coding sequence [residues 551 to 1488], a stop codon, an 8-bp 39 flanking
sequence, and a HindIII site followed by an EcoRV site at the 39 end of the sense
strand) was excised from a mouse MEKK1 cDNA. The BamHI-NcoI and NcoI-
EcoRV fragments were subcloned together into BamHI/EcoRV-digested
pcDNA3-Flag to generate pcDNA3-Flag-MEKK1. pcDNA3-Flag-MEKK1 was
used for in vitro transcription-translation.

A 0.2-kb BalI-XhoI fragment of pET32b (Novagen) containing multiple clon-
ing sites, a His-tag coding sequence, and an S-tag coding sequence was inserted
into HindIII (filled in)/XhoI-digested pcDNA3 to generate pcDNA3-His-S. The
N-terminal region (residues 1 to 343) of JSAP1 was amplified by PCR. The
product (containing an EcoRI site at the 59 end and a HindIII site at the 39 end
of the sense strand) was digested with EcoRI and HindIII and subcloned into
EcoRI/HindIII-digested pcDNA3-His-S to generate pcDNA3-His-S-JSAP1-N.
The C-terminal region (residues 1233 to 1305) of JSAP1 was amplified by PCR.
The product (containing an ApaI site at the 59 end and a stop codon followed by
an XhoI site at the 39 end of the sense strand) was digested with ApaI and XhoI.
The HindIII-ApaI fragment (encoding residues 343 to 1233) was excised from the
JSAP1 cDNA. The HindIII-ApaI and ApaI-XhoI fragments were subcloned
together into HindIII/XhoI-digested pcDNA3-His-S-JSAP1-N to generate
pcDNA3-His-S-JSAP1. To generate deletion mutants of JSAP1, portions of
JSAP1 were amplified by PCR, and the products were inserted into pET32b or
pcDNA3-His-S. The ORF of SEK1 was amplified by PCR. The products (con-
taining a BamHI site at the 59 end and an XhoI site at 39 end of the sense strand)
was digested with BamHI and XhoI. The BamHI-XhoI fragment was subcloned
into BamHI/XhoI-digested pET32a to generate pET32-SEK1. The deletion mu-
tants pcDNA3-His-S-JSAP1-D1, -D2, -D3, -D4, and -D5 encode residues 1 to
1053, 744 to 1305, 1054 to 1305, 343 to 1053, and 1 to 343, respectively. The
deletion mutants pcDNA3-His-S-JSAP1-DJ, -DS, and -DM include deletions of
the JNK-binding region (residues 115 to 233), the SEK1-binding region (residues
1054 to 1305), and the MEKK1-binding region (residues 343 to 744), respec-
tively. pcDNA3-His-S-JSAP1-DS is identical to pcDNA3-His-S-JSAP1-D1. The
deletion in pcDNA3-His-S-JSAP1-DJ was generated by overlapping PCR (1).
The HindIII site at nucleotide 1025 in the JSAP1 cDNA was changed to a
BamHI site by PCR. The BamHI site and the other BamHI site at nucleotides
2228 were ligated to generate the deletion in the pcDNA3-His-S-JSAP1-DM.
pcDNA3-Flag-MEKK was first digested with BamHI, filled in, ligated with a
phosphorylated HindIII linker (59-CCAAGCTTGG-39), and then digested with
HindIII. The HindIII fragment containing the ORF of MEKK1 was subcloned
into HindIII-digested pcDNA3-His-S to generate pcDNA3-His-S-MEKK1. The
HindIII-XbaI fragments of pcDNA3-Flag-SEK1 and -MEK1 were subcloned into
HindIII/XbaI-digested pcDNA3-His-S to generate pcDNA3-His-S-SEK1 and
-MEK1, respectively.

To generate expression vectors for Trx (thioredoxin)-His-S-JSAP1 (T-0, T-1,
T-2, and T-3), site-directed mutagenesis was carried out by using overlapping
PCR (1). Mutated sequences were confirmed by DNA sequencing. The gluta-
thione S-transferase (GST)–c-Jun (residues 1 to 79) expression vector was de-
scribed previously (15).

The primers 59-AAATCTAGATAAACGCTCAACTTTGGCC-39 and 59-TT
TACTGTCACCCATGGCGTA-39 were used in a PCR with SRa-3XHA (20) (a
gift from T. Deng) as the template. The PCR product (which contains an XbaI

7540 ITO ET AL. MOL. CELL. BIOL.



site at the 59 end and an NcoI site at the 39 end of the sense strand and HA3
[hemagglutinin] coding sequence) was inserted into the EcoRV site of pBlue-
script II KS(1). The resulting plasmid (termed pKS-3XHA) has two XbaI sites
outside the HA3 coding sequence. The region encoding residues 1169 to 1488 of
MEKK1 was amplified by PCR. The product (containing an NcoI site at the 59
end and a BamHI site at the 39 end of the sense strand) was digested with NcoI
and BamHI and subcloned into NcoI/BamHI-digested pKS-3XHA to generate
pKS-3XHA-DMEKK. The XbaI filler fragment of pEF-BOS (30) was replaced
with the XbaI fragment of pKS-3XHA-DMEKK to generate pEF-3XHA-
DMEKK. A 0.28-kb BamHI-XhoI fragment of pCS31MT (a gift from D. Turner
and R. Rupp) containing a Myc-tag coding sequence was filled in and inserted
into HindIII (filled in)-digested pcDNA3 to generate pcDNA3-Myc. pcDNA3-
Flag-MEK1 was digested with HindIII, filled in, and then digested with XbaI.
The HindIII (filled in)-XbaI fragment containing MEK1 ORF was subcloned
into NotI (filled in)/XbaI-digested pcDNA3-Myc to generate pcDNA3-Myc-
MEK1.

pGEM-3Zf(1) (Promega) was digested with EcoRI, filled in, ligated with
phosphorylated NcoI linker (59-pGCCATGGC-39), digested with NcoI, and self-
ligated to generate pGEM-NCO. The ORF of JNK3 was amplified by PCR. The
product (containing an NcoI site at the 59 end a BamHI site at the 39 end of the
sense strand) was digested with NcoI and BamHI and subcloned into NcoI/
BamHI-digested pGEM-NCO and pAS2 (Clontech) to generate pGEM-JNK3
and pAS2-JNK3, respectively. pGEM-JNK3 and pAS2-JNK3 were used for in
vitro transcription-translation and the yeast two-hybrid screen, respectively.

Two-hybrid screen. A mouse brain cDNA library in pGAD10 (Clontech) was
transfected into Saccharomyces cerevisiae CG1945 harboring pAS2-JNK3. The
Clontech yeast two-hybrid system was used according to the manufacturer’s
instructions.

Northern blotting analysis. Northern blotting analysis was performed as de-
scribed previously (55), using 32P-labeled JNK3, JSAP1, and b-actin cDNA
probes.

Analyses of protein-protein interactions in vitro and in vivo. Trx-His-S-JSAP1
proteins were expressed in Escherichia coli and purified with S-protein–agarose
or nickel-nitrilotriacetic acid-agarose according to the manufacturers’ instruc-
tions. The TNT T7 Quick Coupled transcription-translation system (Promega)
was used for in vitro translation. The Trx-His-S-JSAP1 proteins bound to S-
protein–agarose were mixed with in vitro-translated 35S-labeled JNK3 or
MEKK1 in buffer A (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% NP-40),
rotated for 2 h at 4°C, spun, and washed three times with buffer A. The precip-
itates were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subjected to autoradiography. The phosphorylated
form of Trx-His-S-JSAP1 (residues 115 to 274) was prepared as follows. Flag-
JNK3 that was activated by DMEKK in COS-7 cells was immunoprecipitated
with anti-Flag monoclonal antibody M5 (Kodak), resuspended in buffer B (50
mM HEPES [pH 7.5], 150 mM NaCl, 1% NP-40, 10% glycerol, 2 mM MgCl2, 1
mM EGTA, 20 mM b-glycerophosphate, 2 mM Na3VO4, 1 mM phenylmethyl-
sulfonyl fluoride, 0.2 mM dithiothreitol) containing unphosphorylated Trx-His-
S-JSAP1 (residues 115 to 274), incubated for 30 min at 30°C in the presence of
1 mM ATP, and purified with S-protein–agarose. COS-7 cells transfected with
Flag-tagged expression vectors were lysed in buffer C (20 mM Tris-HCl [pH 7.5],
150 mM NaCl, 0.5% NP-40, 0.5 mM EDTA, 0.5 mM dithiothreitol), mixed with
immobilized Trx-His-S protein, Trx-His-S-JSAP1, or Trx-His-S-SEK1, rotated
for 2 h, spun, and washed three times with buffer C. The precipitates were
examined by immunoblotting with anti-Flag monoclonal antibody M5. For the
analysis of protein-protein interactions in intact cells, the expression vectors were
cotransfected into COS-7 cells with TransIT-LT1 (Mirus) according to the man-
ufacturer’s instructions. After 34 h, cells were lysed in buffer B and precipitated
by S-protein–agarose. The recovered fractions were separated by SDS-PAGE
and transferred to Immobilon-P (Millipore). The membranes were probed with
anti-Flag monoclonal antibody M5 or anti-c-Myc monoclonal antibody 9E10
(Boehringer Mannheim) and visualized with the Amersham enhanced chemilu-
minescence detection system. The phosphorylated forms of JNK3 and SEK1
were detected by phospho-specific JNK/SAPK and SEK1/MKK4 antibodies,
respectively (New England Biolabs).

Protein kinase assay. COS-7 cells were transfected with pFlag-CMV2-JNK3
with expression vectors, using TransIT-LT1. After 34 h, the cells were lysed in
buffer B and precipitated with anti-Flag monoclonal antibody M5 bound to
protein G-agarose. The immunocomplex kinase assay was performed as de-
scribed previously (8).

Nucleotide sequence accession numbers. The nucleotide sequences of mouse
JNK1, -2, and -3 cDNAs have been deposited in DDBJ/EMBL/GenBank with
accession no. AB005663, AB005664, and AB005665, respectively. The nucleotide
sequence of the mouse MEKK1 cDNA encoding the N-terminal region has been
deposited in DDBJ/EMBL/GenBank with accession no. AB014614. The nucle-
otide sequence of JSAP1 cDNA has been deposited in DDBJ/EMBL/GenBank
with accession no. AB005662.

RESULTS

Molecular cloning of JSAP1, a novel JNK-binding protein.
We used a yeast two-hybrid system to search for proteins that

directly interact with JNK3. A group of positive clones encod-
ing a protein, termed JSAP1, was identified by screening ap-
proximately 2 3 106 transformants. To identify a full-length
clone, we screened a mouse brain cDNA library with a partial
JSAP1 cDNA insert obtained from the yeast two-hybrid
screen. The full-length JSAP1 cDNA was found to encode a
protein of 1,305 amino acids with a calculated relative molec-
ular weight of 144,131 (Fig. 1A). Databank searches indicated
that JSAP1 represents a novel protein. However, significant
amino acid sequence homology to a human sperm-specific
protein (accession no. X91879) (40) was found. No function
has yet been ascribed to this human gene. JSAP1 contains a
leucine zipper motif with a periodic repeat of leucines every
seven residues (residues 392 to 427 [Fig. 1A]). We analyzed the
tissue distributions of mouse JNK3 and JSAP1 by Northern
blotting analysis (Fig. 1B). As in humans (31), mouse JNK3
mRNA was expressed almost exclusively in the brain. Of the
other tissues tested, only the testis showed JNK3 expression,

FIG. 1. (A) Deduced amino acid sequence of JSAP1. The region (residues
115 to 504) isolated in the yeast two-hybrid system is shown by L-shaped arrows.
The leucine residues of the leucine zipper are boxed. (B) Expression of JNK3
and JSAP1 mRNAs in mouse tissues. Poly(A)1 RNA samples isolated from
various mouse tissues were examined by Northern blotting analysis. The posi-
tions of 28S and 18S rRNAs are indicated on the left. b-Actin mRNA was
included as a loading control.
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which was at a level markedly lower than that seen in the brain.
The approximately 6-kb JSAP1 transcript was also particularly
abundant in the brain, and very weak signals of JSAP1 mRNA
were detected in other tissues. JSAP1 protein was localized to
the cytoplasm in P19 cells that were induced to differentiate by
treatment with retinoic acid (data not shown).

JSAP1 specifically interacts with JNK and not with other
mammalian MAPKs. The binding specificity of JSAP1 for the
various MAPKs was studied in cotransfection experiments
(Fig. 2A). We transiently expressed His-S-tagged full-length
JSAP1 with Flag epitope-tagged JNK1, JNK2, JNK3, ERK2,
or p38a in COS-7 cells. The His-S-JSAP1 proteins were recov-
ered from the cell extracts by affinity binding to S-protein–
agarose, and the precipitates were examined for the presence
of the MAPKs by immunoblotting with an anti-Flag antibody.
JNK1, JNK2, and JNK3 interacted with JSAP1, while no or
very low binding of ERK2 and p38a to JSAP1 was observed.
JNK3 showed higher binding affinity to JSAP1 than did JNK1
or JNK2.

To define the region of JSAP1 responsible for its interaction

with JNK, a series of Trx-His-S-JSAP1 fusion proteins contain-
ing various portions of JSAP1 were expressed in bacteria, pu-
rified by using S-protein–agarose, and assayed for the ability to
bind JNK. The agarose-bound fusion proteins were mixed with
in vitro-translated 35S-labeled JNK3, recovered, and analyzed
by SDS-PAGE and autoradiography (Fig. 2B). Essentially the
same results were obtained when JNK1 and JNK2 were used
instead of JNK3 (data not shown). The results indicate that the
JNK-binding region is located between residues 115 and 233 in
JSAP1.

JSAP1 is phosphorylated by JNK. We then examined
whether JSAP1 could serve as a substrate for JNK, because
three potential sites for phosphorylation by proline-directed
serine/threonine kinases, such as JNK, were located at residues
234, 244, and 255 (Fig. 3A), adjacent to the JNK-binding re-
gion (residues 115 to 233). Flag-JNK3 was transiently ex-
pressed in COS-7 cells with or without truncated MEKK1
(DMEKK), a strong activator of JNKs in vivo (28, 53), immu-
noprecipitated with an anti-Flag antibody, and examined for
the ability to phosphorylate Trx-His-S-JSAP1 (residues 115 to
274). GST–c-Jun (residues 1 to 79) was used as a positive
control (8, 11, 22). As shown in Fig. 3A, JSAP1 was phosphor-
ylated by the activated JNK3 as efficiently as c-Jun (lanes 2 and
4). Several bands were seen, which probably reflected the phos-
phorylation of several sites in JSAP1. In fact, three mutant
forms of JSAP1, in which each potential phosphorylation site
was intact and the other two sites were changed to alanine,
were all efficiently phosphorylated (lanes 6 to 8). Essentially
the same results were obtained when JNK1 and JNK2 were
used instead of JNK3 (data not shown). Although residues
outside the region (residues 115 to 274) may also be phosphor-
ylation sites for JNK, these results indicate that JSAP1 is an in
vitro substrate for JNK and that all three sites at residues 234,
244, and 255 in JSAP1 can be phosphorylated by JNK.

We performed an in vitro association experiment to examine
whether the phosphorylation of JSAP1 has an effect on its
interaction with JNK. Flag-JNK3 was first transiently ex-
pressed with or without DMEKK in COS-7 cells. Unstimulated
and stimulated Flag-JNK3s were precipitated with the bacte-
rially expressed, either unphosphorylated Trx-His-S-JSAP1
(residues 115 to 274) or the corresponding phosphorylated
Trx-His-S-JSAP1 (at residues 234, 244, and 255), respectively.
The precipitates were analyzed for the presence of JNK3 by
Western blotting using an anti-Flag antibody (Fig. 3B). The
phosphorylation state of Trx-His-S-JSAP1 was confirmed by its
mobility in the gel (Fig. 3B). The results indicated that stimu-
lated JNK3 had a much lower binding affinity for both the
unphosphorylated and phosphorylated JSAP1 than unstimu-
lated JNK3 did.

JSAP1 binds SEK1 MAPKK and MEKK1 MAPKKK. We
next examined whether SEK1, a MAPKK in the JNK cascade,
could bind to JSAP1 (Fig. 4). Flag-SEK1 and the full-length
His-S-JSAP1 expression vectors were cotransfected into
COS-7 cells with or without DMEKK expression vector and
analyzed as in the MAPK/JSAP1 binding experiment. Al-
though the unstimulated Flag-SEK1 and the His-S-JSAP1
were not copurified from the cells, DMEKK, an activator of
SEK1 (53), significantly enhanced the binding affinity of Flag-
SEK1 for His-S-JSAP1 (lanes 2 and 3). The presence of the
phosphorylated, activated form of Flag-SEK1 was confirmed
by Western blotting using a phospho-specific SEK1 antibody
(Fig. 4, bottom). Furthermore, the SEK1-binding region in
JSAP1 was mapped using a series of His-S-tagged deletion
mutants of JSAP1 (Fig. 4, lanes 5 to 7). The results indicate
that the C-terminal region (residues 1054 to 1305) of JSAP1 is
responsible for the interaction with SEK1. Thus, the SEK1-

FIG. 2. (A) Binding of JSAP1 to mammalian MAPKs. COS-7 cells were
transiently cotransfected with 0.4 mg of pFlag-CMV2-JNK1, -JNK2, -JNK3,
-p38a or -ERK2 along with 1.1 mg of either pcDNA3-His-S empty vector or
pcDNA3-His-S-JSAP1. Cell lysates were precipitated with S-protein-linked aga-
rose (S-PA) and analyzed by immunoblotting with anti-Flag antibody. Expression
of Flag-MAPKs and His-S-JSAP1 was examined by immunoblotting 1/10 of the
cell lysates used in the binding reactions. (B) Mapping of the JNK3-binding
region on JSAP1. In vitro-translated 35S-labeled JNK3 was incubated with 0.5 mg
of either immobilized Trx-His-S protein or Trx-His-S-tagged segments of JSAP1.
The protein complexes were extensively washed, and the bound JNK3 was
detected by SDS-PAGE and autoradiography. One-tenth of the 35S-labeled
protein used in the binding reactions was loaded as a positive control.
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binding region is distinct from the JNK-binding region (resi-
dues 115 to 233) in JSAP1. MKK7, MEK1, and MKK6, which
are MAPKKs in the JNK, ERK, and p38 cascades, respec-
tively, were also examined for the ability to bind JSAP1. In-
terestingly, MEK1, and not MKK7 or MKK6, bound to JSAP1
as efficiently as SEK1 (Fig. 5A). When MKK7, MEK1, and
MKK6 MAPKKs were activated by UV irradiation, truncated
Raf-1 (DRaf, a constitutively active Raf-1 [41]), and osmotic
shock, respectively, they showed similar binding profiles for
JSAP1 with the corresponding unstimulated MAPKKs under
our assay conditions (data not shown). Increasing the amount
of MEK1 had essentially no effect on the JSAP1-SEK1 inter-
action; similarly, increasing the amount of SEK1 did not affect

the JSAP1-MEK1 interaction (Fig. 5B), indicating that the
MEK1-binding site is distinct from the SEK1-binding site in
JSAP1.

We next analyzed whether JSAP1 could bind to MEKK1, a
MAPKKK in the JNK cascade, in cotransfected COS-7 cells.
When full-length MEKK1 was expressed in these cells, smaller
species of MEKK1 were detected, as was also observed by Xu
et al. (50), and the expression level of the full-length protein
was very low. We therefore expressed Flag-tagged portions of
MEKK1 in these cells and examined their ability to bind to
His-S-JSAP1. As shown in Fig. 6A, the N-terminal region
(residues 1 to 640) of MEKK1 (MEKK-N) was found to inter-
act with full-length JSAP1 (lane 2). None of the other regions
of MEKK1 interacted with full-length JSAP1 under our assay
conditions (data not shown). Moreover, the MEKK1-binding
region of JSAP1 was mapped by using a series of His-S-tagged
deletion mutants of JSAP1 (Fig. 6A, lanes 2 to 4). The results
indicate that the internal region (residues 343 to 1053) of
JSAP1 is responsible for the interaction with MEKK1. The
C-terminal SEK1-binding region of JSAP1 could work as an
inhibitor of the JSAP1-MEKK1 interaction, because MEKK1
bound to the JSAP1 mutants that lacked the C-terminal region
with higher affinity than to full-length JSAP1 (lanes 2 to 4).
Since the expression level of a JSAP1 fragment containing
residues 745 to 1053 was very low, we used an in vitro pull-
down method, as in the JNK3- and JSAP1-binding experi-
ments, for more precise mapping of the MEKK1-binding
region on JSAP1. Portions of JSAP1 were expressed as Trx-
His-S-tagged fusion proteins in bacteria, purified by using S-
protein–agarose, and assayed for the ability to bind MEKK1.
The agarose-bound fusion proteins were mixed with in vitro-
translated 35S-labeled full-length MEKK1, recovered, and an-
alyzed by SDS-PAGE and autoradiography (Fig. 6B). The
results indicate that the MEKK1-binding region is located be-

FIG. 3. Phosphorylation of JSAP1 by JNK3 (A) and its effect on the inter-
action with JNK3 (B). (A) COS-7 cells were transiently transfected with 1.5 mg
of pFlag-CMV2-JNK3 with or without 0.05 mg of pEF-3XHA-DMEKK. Cell
lysates were immunoprecipitated with anti-Flag antibody, and the in vitro kinase
assay was carried out as described in Materials and Methods. GST–c-Jun (resi-
dues 1 to 79) and Trx-His-S-JSAP1 (residues 115 to 274) were used as substrates.
The mutants of JSAP1 (T-0, T-1, T-2, and T-3) were as indicated. WT, wild type.
The concentration of each substrate was 1 pmol/ml in 30 ml of total volume. (B)
COS-7 cells were transiently transfected with 1.5 mg of pFlag-CMV2-JNK3 with
or without 0.05 mg of pEF-3XHA-DMEKK. The unstimulated (lanes 1 to 3) and
stimulated (lanes 4 to 6) Flag-JNK3 were precipitated from cell lysates with 0.5
mg of immobilized Trx-His-S protein (lanes 1 and 4) or the unphosphorylated
(lanes 2 and 5) or phosphorylated (lanes 3 and 6) Trx-His-S-JSAP1 and analyzed
by immunoblotting with anti-Flag or anti-His antibody. Expression of Flag-JNK3
was examined by immunoblotting 1/10 of the cell lysates used in the binding
reactions. The phosphorylated form of Flag-JNK3 was detected with a phospho-
specific JNK (P-JNK) antibody.

FIG. 4. Binding of JSAP1 to SEK1 MAPKK and mapping of the SEK1-
binding region on JSAP1. COS-7 cells were transiently cotransfected with 0.4 mg
of pcDNA3-Flag-SEK1 and 1.1 mg of pcDNA3-His-S-JSAP1, -D1, -D2, or -D3
with or without 0.04 mg of pEF-3XHA-DMEKK, as indicated. Cell lysates were
precipitated with S-protein-linked agarose (S-PA) and analyzed by immunoblot-
ting with anti-Flag antibody. Expression of Flag-SEK1 and His-S-JSAP1, -D1,
-D2, and -D3 was examined by immunoblotting 1/10 of the cell lysates used in the
binding reactions. The phosphorylated form of Flag-SEK1 was detected using a
phospho-specific SEK1 (P-SEK1) antibody.
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tween residues 486 and 744. Thus, the MEKK1-binding region
is distinct from both the JNK3- and SEK1-binding regions
(residues 115 to 233 and 1054 to 1305, respectively) in JSAP1.

As only the stimulated SEK1 interacted with JSAP1 (Fig. 4),
we further examined whether MEKK1 could bind to the un-
stimulated SEK1 as noted by Xia et al. (49). Flag-DMEKK was
transiently expressed in COS-7 cells and pulled down with
bacterially expressed, S-protein-agarose-bound Trx-His-S or
Trx-His-S-SEK1. The precipitates were examined for the pres-
ence of Flag-DMEKK by immunoblotting with an anti-Flag
antibody (Fig. 7C). The results indicates that DMEKK binds to
the unstimulated SEK1.

In addition, Raf-1 MAPKKK, which is involved in the ERK
cascade, was examined for its ability to interact with JSAP1
(Fig. 7A). Since the expression level of full-length Raf-1 was
very low, as was observed for MEKK1 in transfected COS-7
cells, the N-terminal half (residues 1 to 327) and the C-termi-
nal half (residues 316 to 648) of Raf-1 (Raf-N and Raf-C,
respectively) were expressed separately in the cells, and their

FIG. 5. (A) Binding of JSAP1 to mammalian MAPKKs. COS-7 cells were
transiently cotransfected with 0.4 mg of pcDNA3-Flag-SEK1, -MKK7, -MEK1,
or -MKK6 with 1.1 mg of either pcDNA3-His-S empty vector or pcDNA3-His-
S-JSAP1 in the absence or presence of 0.04 mg of pEF-3XHA-DMEKK, as
indicated. Cell lysates were precipitated with S-protein-linked agarose (S-PA)
and analyzed as for Fig. 2A. Expression of Flag-MAPKKs and His-S-JSAP1 was
examined by immunoblotting 1/10 of the cell lysates used in the binding reac-
tions. (B) Competition analysis of SEK1 and MEK1 in the interaction with
JSAP1. COS-7 cells were transiently cotransfected with 0.2 mg of pcDNA3-Flag-
SEK1, 0.02 mg of pEF-3XHA-DMEKK, and 0.2 mg of either pcDNA3-His-S
empty vector or pcDNA3-His-S-JSAP1 with different amounts of pcDNA3-Myc-
MEK1 (0, 0, 0.05, 0.2, and 0.5 mg in lanes 1 to 5, respectively). COS-7 cells were
transiently cotransfected with 0.1 mg of pcDNA3-Myc-MEK1, 0.02 mg of pEF-
3XHA-DMEKK, and 0.2 mg of either pcDNA3-His-S empty vector or pcDNA3-
His-S-JSAP1 with different amounts of pcDNA3-Flag-SEK1 (0, 0, 0.1, 0.3, and
0.6 mg in lanes 6 to 10, respectively). Total DNA was kept at 1.5 mg per
transfection with pcDNA3-His-S empty vector. Cell lysates were precipitated
with S-protein-linked agarose (S-PA) and analyzed as for Fig. 2A. Expression of
Flag-SEK1, Myc-MEK1, and His-S-JSAP1 was examined by immunoblotting
1/10 of the cell lysates used in the binding reactions.

FIG. 6. Binding of JSAP1 to MEKK1 MAPKKK, mapping of the MEKK1-
binding region on JSAP1, and binding of MEKK1 MAPKKK to SEK1 MAPKK.
(A) COS-7 cells were transiently cotransfected with 0.4 mg of pcDNA3-Flag-
MEKK-N with 1.1 mg of pcDNA3-His-S empty vector or pcDNA3-His-S-JSAP1,
-D1, or -D4. Cell lysates were precipitated with S-protein-linked agarose (S-PA)
and analyzed as for Fig. 2A. Expression of Flag-MEKK-N and His-S-JSAP1, -D1,
and -D4 was examined by immunoblotting 1/10 of the cell lysates used in the
binding reactions. (B) In vitro-translated 35S-labeled full-length MEKK was
incubated with 0.5 mg of either immobilized Trx-His-S protein or Trx-His-S-
tagged segments of JSAP1 and analyzed as for Fig. 2B. One-tenth of the 35S-
labeled protein used in the binding reactions was loaded as a positive control. (C)
COS-7 cells were transiently transfected with 1.5 mg of pcDNA3-Flag-DMEKK.
Cell lysate was precipitated with 0.5 mg of either immobilized Trx-His-S protein
(lane 2) or Trx-His-S-SEK1 (lane 3) and analyzed by immunoblotting with
anti-Flag antibody. One-tenth of the cell lysate used in the binding reactions was
loaded as a control (lane 1).
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interactions with JSAP1 were examined. Raf-C, and not
Raf-N, bound to JSAP1; however, the binding affinity of Raf-C
for JSAP1 was very low compared with that of MEKK1 with
JSAP1 (lanes 4 and 6). Increasing the amount of MEKK-N had
essentially no effect on the JSAP1–Raf-C interaction (Fig. 7B),
and increasing the amount of Raf-C did not affect the JSAP1–
MEKK-N interaction (data not shown), indicating that the
MEKK1-binding site is distinct from the Raf-1-binding site in
JSAP1.

Full-length JSAP1 enhances JNK activation. The results of
our JSAP1-binding experiments suggest that JSAP1 acts as a
scaffold protein in the JNK cascades. To examine this possi-
bility, we analyzed the effect of overexpressing full-length
JSAP1 on JNK activation by full-length MEKK1 (Fig. 8A).
Flag-JNK1, -JNK2, or -JNK3 was transiently expressed alone
or with His-S-MEKK1 in the absence or presence of His-S-
JSAP1 in COS-7 cells. Cell lysates were immunoprecipitated

with an anti-Flag antibody, and the JNK activity was measured
by using GST–c-Jun (residues 1 to 79) as the substrate.
MEKK1 activated JNK1, JNK2, and JNK3 8-, 6.8-, and 2.6-
fold, respectively, and the activation was further enhanced 1.6-,
1.4-, and 3-fold, respectively, in the presence of JSAP1. JSAP1
alone without MEKK1 had little effect on the activity of JNK1,
JNK2, and JNK3 in COS-7 cells (data not shown).

We next examined whether SEK1 or MEK1 could activate
JNK in the presence of JSAP1 and MEKK1 (Fig. 8B), since
they both interacted with JSAP1 (Fig. 5A). Flag-JNK3, His-S-
JSAP1, and His-S-MEKK1 were transiently coexpressed in the
absence or presence of either His-S-SEK1 or His-S-MEK1 in
COS-7 cells. The JNK3 activity was enhanced fourfold by
SEK1 in the presence of JSAP1 and MEKK1. When JNK1 (or
JNK2) was used instead of JNK3, a modest enhancement of
the JNK activation was observed (data not shown). MEK1 had
little effect on the JNK3 activation, suggesting that MEK1
could not activate JNK3 in the presence of JSAP1 and
MEKK1. We further studied whether JSAP1 mutants lacking
the JNK-, SEK1-, and MEKK1-binding regions could enhance
the JNK3 activation by MEKK1 and SEK1 as full-length
JSAP1 did in COS-7 cells (Fig. 8C). JSAP1 mutants lacking the
JNK- or MEKK1-binding regions resulted in significant reduc-
tion of the enhancement of the JNK3 activation. In contrast, a
JSAP1 mutant lacking the SEK1-binding region acted similarly
to full-length JSAP1. Taken together, these results suggest that
JSAP1 functions as a scaffold protein in the JNK3 cascade and
that stimulated SEK1 could activate JNK3 without direct in-
teraction with JSAP1.

DISCUSSION

In this study we have identified a novel mouse JNK-binding
protein, JSAP1, and examined its interactions with a variety of
mammalian MAPKs, MAPKKs, and MAPKKKs through co-
transfection studies of COS-7 cells. JSAP1 coprecipitated with
JNK1, JNK2, and JNK3 MAPKs but not with ERK2 or p38a
MAPKs. JNK3 showed higher binding affinity to JSAP1 than
did JNK1 or JNK2. Furthermore, JSAP1 interacted with SEK1
MAPKK and MEKK1 MAPKKK, which are involved in the
JNK cascades. Importantly, the regions of JSAP1 that bound
JNK, SEK1, and MEKK1 were distinct from one another. JNK
and MEKK1 also interacted with JSAP1 in vitro; thus, these
interactions are likely to be direct. In contrast, only the stim-
ulated SEK1 interacted with JSAP1, and the unstimulated
SEK1 interacted with MEKK1. The amino- and carboxy-ter-
minal regions of MEKK1 interacted with JSAP1 and SEK1,
respectively. Thus, SEK1 could indirectly associate with JSAP1
through MEKK1. Although there is no direct evidence, the
binding properties of JSAP1 and MEKK1 as described above
indicate that JSAP1 may tether JNK MAPK, SEK1 MAPKK,
and MEKK1 MAPKKK in a complex, a role similar to that the
yeast scaffold protein Ste5. Ste5 forms a multicomponent com-
plex with Fus3 (or Kss1) MAPK, Ste7 MAPKK, and Ste11
MAPKKK to facilitate the specific and efficient activation of
the mating pheromone pathway (3, 21, 27, 34).

Overexpression of full-length JSAP1 in COS-7 cells led to a
considerable enhancement of the JNK3 activation, and modest
enhancement of the JNK1 and JNK2 activation, by the
MEKK1-SEK1 pathway. Deletion of the JNK- and MEKK1-
binding regions significantly reduced of the enhancement of
the JNK3 activation in COS-7 cells. However, a JSAP1 mutant
lacking the SEK1-binding region acted similarly to wild-type
full-length JSAP1. Taken together, these results suggest that
JSAP1 functions as a scaffold protein in the JNK3 cascade and
that stimulated SEK1 could activate JNK3 without direct in-

FIG. 7. (A) Binding of JSAP1 to mammalian MAPKKKs. COS-7 cells were
transiently cotransfected with 0.4 mg of pcDNA3-Flag-Raf-N, -Raf-C, or
-MEKK-N with 1.1 mg of either pcDNA3-His-S empty vector or pcDNA3-His-
S-JSAP1. (B) Competition analysis of MEKK1 and Raf-1 in the interaction with
JSAP1. COS-7 cells were transiently cotransfected with 0.7 mg of pcDNA3-Flag-
Raf-C and 0.2 mg of either pcDNA3-His-S empty vector or pcDNA3-His-S-
JSAP1 with different amounts of pcDNA3-Flag-MEKK-N (0, 0, 0.05, 0.2 and 0.6
mg in lanes 1 to 5, respectively). Total DNA was kept at 1.5 mg per transfection
with pcDNA3-His-S empty vector. Cell lysates were precipitated with S-protein-
linked agarose (S-PA) and analyzed as for Fig. 2A. Expression of Flag-MAP-
KKKs and His-S-JSAP1 was examined by immunoblotting 1/10 of the cell lysates
used in the binding reactions.
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teraction with JSAP1. What is the role of the binding of the
stimulated SEK1 to JSAP1? Although SEK1 can activate both
JNK and p38 (9, 26), the SEK1-JSAP1 interaction may pro-
hibit the stimulated SEK1 by JSAP1-associated MEKK1 from
activating p38. It is also possible that a JSAP1 complex binding
stimulated SEK1 is involved in amplification of JNK3 activa-
tion. At present, a scaffolding role of JSAP1 in the JNK1 and
JNK2 cascades is not clear. While JNK3 and JSAP1 are ex-
pressed predominantly in the brain, both JNK1 and JNK2 are
widely expressed. Thus, COS-7 cells, for example, may include
multicomponent complexes containing JNK1 and JNK2, orga-
nized by a scaffold protein(s) other than JSAP1. The higher
activation of JNK1 and JNK2 than of JNK3 by MEKK1 alone

(Fig. 8A) might support this idea. The formation of a complex
by the transiently coexpressed JNK1 (or JNK2), JSAP1, and
MEKK1 in COS-7 cells could be interfered with by the pres-
ence of other scaffold proteins. Taking this into account, we
cannot rule out the possibility that JSAP1 can also function as
a scaffold protein in the JNK1 and JNK2 cascades. To clarify
this issue, it should be useful to examine the effect of JSAP1 on
the JNK1 (and JNK2) activation in JNK-free system, such as
yeast. Recently, Xia et al. (49) have proposed a sequential
interaction model for the organization of the MEKK1-SEK1-
JNK module. JSAP1 may stabilize this signaling module fur-
ther.

JSAP1 is an in vitro substrate for JNK, and three sites at

FIG. 8. JSAP1 enhances the activation of JNK3 by MEKK1 and SEK1. (A) Effect of overexpressing JSAP1 on JNK activation by MEKK1. COS-7 cells were
transiently transfected with 0.2 mg of pFlag-CMV2-JNK1 (lane 1), -JNK2 (lane 4), or -JNK3 (lane 7) alone or with 0.02 mg of pcDNA3-His-S-MEKK1 in the absence
or presence of 1 mg of pcDNA3-His-S-JSAP1, as indicated. (B) Effect of overexpressing SEK1 and MEK1 on JNK3 activation by JSAP1 and MEKK1. COS-7 cells were
transiently cotransfected with 0.2 mg of pFlag-CMV2-JNK3, 0.06 mg of pcDNA3-His-S-MEKK1, and 1 mg of pcDNA3-His-S-JSAP1 in the absence or presence of 0.2
mg of either pcDNA3-His-S-SEK1 or pcDNA3-His-S-MEK1, as indicated. (C) Effect of overexpressing JSAP1 mutants on JNK3 activation by MEKK1 and SEK1.
COS-7 cells were transiently cotransfected with 0.2 mg of pFlag-CMV2-JNK3, 0.06 mg of pcDNA3-His-S-MEKK1, and 0.2 mg of pcDNA3-His-S-SEK1 with 1 mg of
pcDNA3-His-S empty vector and pcDNA3-His-S-JSAP1, -DJ, -DM, or -DS, as indicated. Total DNA was kept at 1.5 mg per transfection with pcDNA3-His-S empty
vector. Cell lysates were immunoprecipitated with anti-Flag antibody, and kinase activity was measured by using GST–c-Jun (residues 1 to 79) as the substrate.
Expression of Flag-JNKs, His-S-JSAP1, His-S-SEK1, and His-S-MEK1 was examined by immunoblotting 1/10 of the cell lysates used in the kinase assays.

7546 ITO ET AL. MOL. CELL. BIOL.



residues 234, 244, and 255, adjacent to the JNK-binding region
(residues 115 to 233), can be phosphorylated by JNK (Fig. 3A).
Although we have not examined whether the other sites in
JSAP1 can also be phosphorylated by JNK, our preliminary
results showed that these three sites, and not others, are the
major phosphorylation sites for JNK (17). Phosphorylated
JSAP1 had little binding affinity for the activated form of JNK3
(Fig. 3B). Taken together, these data suggest that once acti-
vated, JNK dissociates from JSAP1 by phosphorylating it.
Thus, a mutant JSAP1 containing substitutions at residues 234,
244, and 255 could be developed as a specific inhibitor for the
JNK cascades.

JSAP1 contains a leucine zipper motif with six leucine re-
peats (residues 392 to 427 [Fig. 1A]), which may mediate the
homo- and/or heterodimerization of JSAP1. In fact, two dif-
ferent epitope-tagged JSAP1 fragments encompassing the
leucine zipper motif associated with each other in cotrans-
fected cells (17). The yeast scaffold protein Ste5 can also self-
associate, and importantly, dimerization of Ste5 is essential for
the mating pheromone pathway (51). Thus, it should be inter-
esting to examine whether dimerization of JSAP1 is required
for its function.

JSAP1 exhibited different binding affinities for the signaling
components of the ERK cascade in cotransfected COS-7 cells.
JSAP1 coprecipitated with MEK1 MAPKK and Raf-1
MAPKKK but not ERK2 MAPK. Thus, even though MEK1
and Raf-1 did not interfere with the binding of JSAP1 to SEK1
and MEKK1, respectively, JSAP1 may affect the ERK cascade.
In fact, overexpression of full-length JSAP1 inhibited the ac-
tivation of the ERK cascade in COS-7 cells (17). Highly ex-
pressed JSAP1 could absorb MEK1 and/or Raf-1 from an
ERK signaling complex tethered by an unidentified scaffold
protein or an adapter protein such as MP1 (39), resulting in the
inhibition of ERK activation. At present, how JSAP1 is in-
volved in vivo in signaling pathways other than the JNK cas-
cades is not clear. However, an interesting possibility is that
JSAP1 expression is positively autoregulated by the JNK cas-
cades, so that the activation of the JNK cascades leads to the
increased expression of JSAP1. Inhibition of the other cas-
cades by JSAP1 would ensure the specific activation of the
JNK cascades. In support of this idea, our preliminary exper-
iments showed that a 5.2-kb genomic fragment containing the
JSAP1 promoter sequence increases its transcriptional activity
in response to overexpression of full-length JSAP1 (17). Fur-
ther study is required to clarify this issue.

Recently, Whitmarsh et al. (47) reported that JIP-1 works as
a scaffold factor in the JNK cascades. JSAP1 is clearly distinct
from JIP-1, because JSAP1 contains a leucine zipper motif but
not an SH3 domain; JIP-1 contains an SH3 domain but not a
leucine zipper motif. More importantly, JSAP1 and JIP-1 bind
distinct sets of kinases. JSAP1 organizes the MEKK1-SEK1-
JNK signaling module; JIP-1 organizes the MLK-MKK7-JNK
signaling module. In spite of these differences, JSAP1 and
JIP-1 appear to function similarly in cells, selectively enhancing
the activation of signaling pathways. Furthermore, Schaeffer et
al. (39) and Cohen et al. (5) have identified an adapter protein,
MP1, for MEK1 and ERK1, and a scaffold protein, IKAP, in
the IkB kinase complex. In addition, current work in our lab-
oratory has revealed the existence of other JSAP1 family mem-
bers. These scaffold/adapter proteins, together with unidenti-
fied related proteins, could contribute to the specificity
determination of numerous distinct signaling pathways in
cells.
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Davis, and M. Karin. 1994. JNK2 contains a specificity-determining region
responsible for efficient c-Jun binding and phosphorylation. Genes Dev.
8:2996–3007.

20. Kallunki, T., T. Deng, M. Hibi, and M. Karin. 1996. c-Jun can recruit JNK
to phosphorylate dimerization partners via specific docking interactions. Cell
87:929–939.

21. Kranz, J. E., B. Satterberg, and E. A. Elion. 1994. The MAP kinase Fus3
associates with and phosphorylates the upstream signaling component Ste5.
Genes Dev. 8:313–327.

22. Kyriakis, J. M., P. Banerjee, E. Nikolakaki, T. Dai, E. A. Rubie, M. F.
Ahmad, J. Avruch, and J. R. Woodgett. 1994. The stress-activated protein
kinase subfamily of c-Jun kinases. Nature 369:156–160.

23. Kyriakis, J. M., and J. Avruch. 1996. Sounding the alarm: protein kinase
cascades activated by stress and inflammation. J. Biol. Chem. 271:24313–
24316.

24. Lange-Carter, C. A., C. M. Pleiman, A. M. Gardner, K. J. Blumer, and G. L.
Johnson. 1993. A divergence in the MAP kinase regulatory network defined
by MEK kinase and Raf. Science 260:315–319.

VOL. 19, 1999 JSAP1, A SCAFFOLD PROTEIN IN THE JNK CASCADE 7547



25. Lee, J. C., J. T. Laydon, P. C. McDonnell, T. F. Gallagher, S. Kumar, D.
Green, D. McNulty, M. J. Blumenthal, J. R. Heys, S. W. Landvatter, J. E.
Strickler, M. M. McLaughlin, I. R. Siemens, S. M. Fisher, G. P. Livi, J. R.
White, J. L. Adams, and P. R. Young. 1994. A protein kinase involved in the
regulation of inflammatory cytokine biosynthesis. Nature 372:739–746.

26. Lin, A., A. Minden, H. Martinetto, F.-X. Claret, C. Lange-Carter, F. Mer-
curio, G. L. Johnson, and M. Karin. 1995. Identification of a dual specificity
kinase that activates the Jun kinases and p38-Mpk2. Science 268:286–290.

27. Marcus, S., A. Polverino, M. Barr, and M. Wigler. 1994. Complex between
STE5 and components of the pheromone-responsive mitogen-activated pro-
tein kinase module. Proc. Natl. Acad. Sci. USA 91:7762–7766.

28. Minden, A., A. Lin, M. McMahon, C. Lange-Carter, B. Dérijard, R. J. Davis,
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